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POWER CONVERTER CIRCUIT WITH AC
OUTPUT

TECHNICAL FIELD

Embodiments of the present invention relate to a power
converter circuit, a power supply system with a power
converter circuit, and a method for operating a power
converter circuit.

BACKGROUND

With an 1ncreasmg interest 1n sustainable energy produc-
tion there 1s a focus on using photovoltaic modules for
producing electric power. Photovoltaic (PV) modules
include a plurality of photovoltaic (PV) cells, that are also
known as solar cells. Since the output voltage of one cell 1s
relatively low, a PV module usually includes a string with a

plurality of series connected solar cells, such as between 50
to 100 cells connected 1n series, or even several such strings
connected 1n parallel.

A PV module provides a DC supply voltage, while power
orids, such as national power grids, have an AC supply
voltage. In order to supply the energy provided by a PV
module to the power grid it 1s, therefore, necessary to
convert the DC voltage of the PV module into an AC voltage
that 1s consistent with the AC supply voltage of the power
orid.

A first approach for converting the PV module DC voltage
into a power grid AC voltage includes connecting several
PV modules in series so as to obtain a DC voltage that 1s
higher than the peak voltage of the power grid AC voltage,
and converting the DC voltage 1nto the AC voltage using a
DC/AC converter. The amplitude of the DC voltage 1s
typically between 200V and 1000V. High DC voltages,
however, are critical in terms of the occurrence of electric
arcs.

According to a second approach, a plurality of DC/AC
converters are provided, where each of these converters 1s
connected to a PV module. The individual converters have
theirr AC voltage outputs connected 1n parallel and each of
these converters generates an AC voltage that 1s consistent
with the power grid AC supply voltage from the DC voltage
provided by the string of solar cells. The DC voltage
provided by one PV module usually has an amplitude 1n the
range of between 20V and 100V, depending on the number
of cells that are connected in series within one module and
depending on the technology used to implement the solar
cells, while the peak voltage of the power grid AC voltage
1s about 155V or 325V, depending on the country. However,
due to the large diflerence between input and output voltages
these converters have a disadvantage 1n terms of efliciency.

According to a tfurther approach, several DC/AC convert-
ers are connected 1n series, where each of these converters
receives a DC supply voltage from a PV module. In this
system a central control unit 1s employed to synchronize the
individual DC/AC converters 1 a multi-level switching
pattern. This system requires constant synchronized control
of all mndividual units.

There 1s, therefore, need for a power converter circuit that
1s capable of efliciently transforming relatively low DC
supply voltages into a AC supply voltage that 1s consistent
with a power grid voltage.

SUMMARY OF THE

INVENTION

A first aspect of the mvention relates to a power converter
circuit. The power converter circuit includes output termi-
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2

nals configured to receive an external voltage, and at least
one series circuit with at least two converter units. Each
converter unit includes input terminals configured to be
coupled to a DC power source, and output terminals for
providing an AC output current. The at least one series
circuit 1s connected between the output terminals of the
power converter circuit. The power converter circuit further
includes a voltage measurement circuit connected between
the output terminals of the power converter circuit and
configured to provide at least one measurement signal
including an information on the phase and frequency of the
external AC voltage. At least one of the converter units 1s
configured to receive the at least one measurement signal
and 1s configured to regulate a generation of the AC output
current dependent on the at least one measurement signal
such that a phase difference between the AC output current
and the external AC voltage assumes a given set value.

A second aspect of the invention relates to a power supply
system. The power supply system includes output terminals
configured to receive an external voltage, and at least one
series circuit with at least two converter units. The at least
two converter units each include input terminals configured
to be coupled to a DC power source, and output terminals for
providing an AC output current. The at least one series
circuit 1s connected between the output terminals of the
power converter circuit. The power supply system further
includes at least two voltage sources, each DC voltage
source coupled to the mput terminals of one converter unit,
and a voltage measurement circuit connected between the
output terminals of the power converter circuit and config-
ured to provide at least one measurement signal including an
information on the phase and frequency of the external AC
voltage. At least one of the converter units 1s configured to
receive the at least one measurement signal, and 1s config-
ured to regulate a generation of the AC output current
dependent on the at least one measurement signal such that
a phase difference between the AC output current and the AC
output voltage assumes a given set value.

A third aspect of the invention relates to a power converter
unit. The power converter unit includes input terminals
configured to be coupled to a DC power source, output
terminals for providing an AC output current, and a mea-
surement mput configured to recerve a measurement signal
including a frequency and phase information. The converter
unit 1s configured to regulate a generation of the AC output
current such that a phase diflerence between a phase of the
AC output current and the phase as represented by the phase
information assumes a given set value.

A Tourth aspect of the mvention relates to a method for
operating a power converter circuit including output termi-
nals configured to receive an external voltage, and at least
one series circuit with at least two converter units each
including nput terminals configured to be coupled to a DC
power source, and output terminals for providing an AC
output current, the at least one series circuit connected
between the output terminals of the power converter circuit.
The power converter circuit further includes a voltage
measurement circuit connected between the output terminals
of the power converter circuit and configured to provide at
least one measurement signal including an information on
the phase and frequency of the external AC voltage. The
method includes regulating a generation of the AC output
current such that a phase diflerence between a phase of the
AC output current and a phase as represented by the phase

information assumes a given set value.

BRIEF DESCRIPTION OF THE

DRAWINGS

Examples will now be explained with reference to the
drawings. The drawings serve to illustrate the basic prin-
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ciple, so that only aspects necessary for understanding the
basic principle are 1llustrated. The drawings are not to scale.

In the drawings the same reference characters denote like
signals and circuit components.

FIG. 1 schematically 1llustrates a power converter circuit
including a plurality of DC/AC converter units connected 1n
series and a voltage measurement circuit;

FIG. 2, which includes FIGS. 2A-2C, illustrates different
embodiments of photovoltaic arrays, each including at least
one solar cell;

FIG. 3 schematically illustrates a power converter circuit
including a plurality of DC/AC converter units connected 1n
series and a voltage measurement circuit including a plu-
rality of measurement units connected in series;

FIG. 4, which includes FIGS. 4A-4D, 1llustrates different
embodiments of measurement units;

FIG. 5 shows a block diagram 1llustrating a first embodi-
ment of one DC/AC converter unit, including a DC/AC
converter and a control circuit;

FIG. 6 1llustrates an embodiment of the DC/AC converter
of FIG. 5 1n detail;

FIG. 7, which includes FIGS. 7A to 7C, illustrates dif-
ferent embodiments of switches that may be used in the
DC/AC converter of FIG. 6;

FIG. 8 1llustrates a first embodiment of the control circuit
of one DC/AC converter unit;

FIG. 9 illustrates a first branch of the control circuit of
FIG. 8 1n detail;

FIG. 10 illustrates a second embodiment of the control
circuit of one DC/AC converter unit;

FIG. 11 shows a block diagram illustrating a second
embodiment of one converter unit, including a DC/DC
converter, a maximum power point tracker, a DC/AC con-
verter, and a control circuit;

FIG. 12 illustrates an embodiment of the DC/DC con-
verter implemented as a boost converter;

FIG. 13 schematically illustrates a control circuit of the
DC/DC converter of FIG. 12;

FIG. 14 illustrates an embodiment of the DC/DC con-
verter implemented as a buck converter;

FIG. 15 illustrates a further embodiment of the control
circuit of one DC/AC converter;

FIG. 16 illustrates an embodiment of the DC/DC con-
verter implemented with two interleaved boost converter
stages;

FIG. 17 illustrates a first embodiment of a control circuit
for the DC/DC converter of FIG. 16;

FIG. 18 1illustrates a second embodiment of a control
circuit for the DC/DC converter of FIG. 16;

FIG. 19 shows a block diagram illustrating a further
embodiment of one DC/AC converter umit including a buck
converter and an unfolding bridge;

FIG. 20 shows timing diagrams illustrating the operating,
principle of the DC/AC converter umit of FIG. 19;

FIG. 21 illustrates a first embodiment of a controller
implemented 1n the DC/AC converter unit of FIG. 19;

FIG. 22 illustrates a second embodiment of a controller
implemented 1n the DC/AC converter unit of FIG. 19; and

FIG. 23 illustrates an embodiment of a power converter
circuit having a plurality of converter units organized in two
series circuits being connected 1n parallel.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

In the following detailed description, reference 1s made to
the accompanying drawings, which form a part thereof, and
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4

in which 1s shown by way of illustration specific embodi-
ments 1n which the invention may be practiced. In this
regard, directional terminology, such as “top,” “bottom,”
“front,” “back,” “leading,” “trailing,” etc., 1s used with
reference to the orientation of the figures being described.
Because components of embodiments can be positioned 1n a
number of different orientations, the directional terminology
1s used for purposes of 1llustration and 1s 1n no way limiting.
It 1s to be understood that other embodiments may be
utilized and structural or logical changes may be made
without departing from the scope of the present invention.
The following detailed description, therefore, 1s not to be
taken 1n a limiting sense, and the scope of the present
invention 1s defined by the appended claims. It 1s to be
understood that the features of the various exemplary
embodiments described herein may be combined with each
other, unless specifically noted otherwise.

In the following, embodiments of the present invention
will be explained 1n a specific context, namely 1n the context
of converting electrical power or electrical voltages pro-
vided by a plurality of photovoltaic arrays into an AC
voltage, specifically an AC power grid supply voltage.
However, this 1s only an example. Embodiments of the
invention may be employed 1n a wide range of applications
in which a conversion of DC voltages into an AC voltage 1s
required. Any type of DC power source may be used instead
ol a photovoltaic array, such as a fuel cell. It 1s even possible,
to employ DC power source of different types, such as
photovoltaic arrays and fuel cells, 1n one application.

FIG. 1 1llustrates a first embodiment of a power converter
circuit (power 1mverter circuit) 4 for converting a plurality of
n (at least two) DC mput voltages V3,, V3., V3 1nto one AC
output voltage v1. It should be noted in this connection that
throughout the drawings DC voltages and DC currents will
be denoted using capital letters “V” and “I”, while AC
voltages and AC currents will be denoted using lowercase
letters “v” and “1.” The power converter circuit includes a
plurality of n (at least two) converter units 2,, 2,, 2 ., with
n=2. Each of these converter units imncludes mput terminals
21,, 22,; 21,, 22,; and 21 , 22 that are configured to be
coupled to a DC power source 3,, 3., 3,. In FIG. 1, besides
the power converter circuit 1 with the converter units 2,, 2.,
2 DC power sources 3, 3,, 3, are also 1llustrated. These DC
power sources 3,, 3,, 3, together with the power converter
circuit 1 form an AC power supply system or an AC current
supply system. The DC power sources 3,, 3,, 3, are imple-
mented as photovoltaic (PV) modules in the embodiment
illustrated 1n FI1G. 1. However employing PV modules as DC
power sources 1s only an example. Any other type of DC
power source, such as a power source including fuel cells,
may be used as well. It 1s even possible to employ diflerent
types of DC power sources 1n one power supply system.

Each of the converter unmits 2,, 2,, 2, further includes
output terminals 23,, 24,; 23,, 24,; and 23, 24 . The
converter units 2,, 2,, 2, are connected 1n series (1n cascade)
between output terminals 11, 12 of the power converter
circuit 1. For this, a first converter unit 2, has a first output
terminal 23, coupled to a first output terminal 11 of the
power converter circuit 1 and a last converter unit 2, 1n the
cascade has a second output terminal 24, coupled to a
second output terminal 12 of the power converter circuit 1.
Further, each of the first output terminals (other than output
terminal 23,) are connected to one second output terminal
(other than output terminal 24, ) of another converter unait.

The output terminals 11, 12 of the power converter circuit
1 are configured to receive a voltage vl. For example, the
output terminals 11, 12 are configured to be connected to a
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power grid, so that the external voltage vl corresponds to a
or1d voltage or, more specifically, corresponds to one phase
of the power grid. In FIG. 1, the power grid 1s represented
by a voltage source 100 and a load Z connected 1n parallel
with the power source 100. The voltage source 100 of the
power grid represents a plurality of AC voltage sources in
the power grid, and load Z represents a plurality of loads
connected to the power sources in the power grid. The power
orid defines the AC voltage vl between the output terminal.
Since this voltage v1 1s defined by an external source, such
as the power grid, this voltage will be referred to as external
AC voltage v1 1n the following.

Each of the converter units 2,, 2,, 2, provides an AC
output voltage v2,, v2,, v2 between its output terminals
23..24,,23,,24,,23 .24 . By having the converter units 2,,
2,, 2 connected 1n series, the sum of the individual AC
output voltages v2,, v2,, v2_ of the converter units 2,, 2,, 2,
corresponds to the external voltage vl when the power
converter circuit 1 1s in the steady state, that 1s,

(1)

v] = Z”: v2;.
i=1

Each power converter unit 2,, 2., 2. further includes an
output capacitance C,, C,, C,_ connected between the indi-
vidual output terminals 23,, 24,, 23,, 24,, 23, 24 and
provides an output current 11,,11,, 11_. The output current of
one converter unmit 2,, 2,, 2 1s the current received at a
circuit node common to the output capacitance C,, C,, C,
and one of the output terminals. For example, in the first
converter unit 2,, the output current of the converter unit 2,
1s the current flowing into the circuit node at which the
output capacitor C, 1s connected to the first output terminal
23 .. The current tlowing from the first output terminal 23,
of the first converter umit 2, will be referred to as converter
circuit output current 11,,,~ This current corresponds to the
current flowing between the individual converter units 2,-2, .
The output capacitances C,, C,, C _ are part of the individual
converter umts 2,, 2,, 2, and can be implemented 1n many
different ways as will be explained with reference to several
examples herein below.

In the steady state, the AC output currents 11,, 11,, 11, or,
more precisely, the RMS values of the AC output currents
11,,11,,11_, correspond to the power converter circuit output
current 11 ,,,,- or the RMS value of the output current 11 ,,,,
respectively, so that there 1s very little to no RMS current
into the output capacitors C,-C . However, there can be
situations 1n which the output currents 11,, 11,, 11 of the
individual converter units 2,, 2,, 2 change and in which the
output currents 11,, 11,, 11 are mutually different until the
system has settled at new (equal) output currents 11,11, 11 .
This 1s explained in further detail below.

The power converter circuit 1 further includes a voltage
measurement circuit 10 connected between the output ter-
minals 11, 12 of the power converter circuit 1. The voltage
measurement circuit 10 1s configured to provide at least one
measurement signal S, that includes an information on the
phase and the frequency of the external AC voltage v1.

The individual converter units 2, 2,, 2, are each config-
ured to receive one measurement signal S ;. In the embodi-
ment 1llustrated 1n FIG. 1, the individual converter units 2,
2,, 2 receive the same measurement signal S ,. However,
this 1s only an example. It 1s also possible to generate one
measurement signal for each of the converter units 2,, 2, 2, .
An embodiment 1s explained with reference to FIG. 3 herein
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below. The at least one measurement signal S, can be
transmitted to the individual converter umts 2,, 2,, 2, 1n
different ways. Referring to FI1G. 1, a signal transmission bus
can be provided through which the at least one measurement
signal S, .-1s transmitted to the individual converter units 2,
2,, 2 . According to a further embodiment (not 1llustrated 1n
FIG. 1), there 1s a dedicated transmission path between the
voltage measurement circuit and each of the converter units
2., 2,, 2 . The signal transmission bus or the signal trans-
mission paths can be implemented like conventional signal
transmission buses or like conventional signal transmission
paths. The signal bus or the signal paths may include level
shifter or other means to transmait the at least one measure-
ment signal from the measurement circuit 10 to the indi-
vidual converter units 2,, 2,, 2, that (due to being connected
in cascade) have different reference potentials or different
voltage domains.

The individual converter units 2,, 2,, 2, each include at
least one 1nternal control loop which will be explained 1n
further detail herein below. The control loop of each con-
verterunit 2, 2,, 2. 1s configured to have each converter unit
2.,2,, 2 generate the corresponding output current 11,, 11,
11 such that there 1s a given phase difference between the
phase as represented by the at least one measurement signal
S, and which corresponds to the phase of the external AC
voltage v1, and the phase of 1ts AC output current 11, 11,
11 . According to one embodiment, the individual output
currents 11,, 11,, 11 are generated to be 1n phase with the
external AC voltage v1, so that the phase difference 1s zero.
According to another embodiment, the phase diflerence 1s
not zero. When setting the difference to a value other than
zero, reactive power 1s fed into the power grid. This may
help to stabilize the external AC voltage, which 1s, e.g., a
power grid.

In FIG. 1, same features of the DC voltage sources 3, 3.,
3 have the same reference characters, where the reference
characters of the individual DC voltage sources 3,, 3., 3, can
be distinguished from each other by subscript indices “17,
“27”, “n”. Equivalently, same features of the converter units
2., 2,, 2 have the same reference characters that can be
distinguished by subscript indices, “1” for the first converter
unit 2,, “2” for the second converter unit 2, and “n” for the
n-th converter umt 2 . In the following, when explanations
equivalently apply to each of the DC power sources 3,, 3.,
3 or to each of the converter units 2,, 2,, 2 , reference
characters will be used without indices. In the following,
reference character 2, for example, represents an arbitrary
one of the converter units, reference character 23 represents
a 1irst output terminal of an arbitrary one of the converter
units, reference character 11 denotes the output current of an
arbitrary converter unit 2, reference character denotes the
output capacitance C of an arbitrary converter unit 2, and so
on.

The power converter of FIG. 1 includes n=3 converter
units 2. However, having n=3 converter units 1s only an
example. Any number of n converter unmits 2, wherein n>1,
can be connected 1n series to form the power converter
circuit 1.

Besides the internal control loops of the converter units 2
the power converter circuit 1 does not require an outer
control loop connected to the individual converter units 2
and/or additional communication paths between the indi-
vidual converter units 2, when the power converter circuit 1
1s 1n the steady state. When the power converter circuit 1 1s
in the steady state the system can be defined by equation (1)
and one further equation for each of the converter umts 2:

(2),

V2rats L rags= V313
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where v2 ., denotes the RMS (route mean square) value of
the output voltage v2 of one converter units 2, 11 ,, ,. denotes
the RMS value of the output current 11 of one converter unit,
V3 denotes the mput voltage and 13 denotes the mput current
of the converter umt 2. It should be noted that (very low)
losses may occur 1n each converter unit 2. For the sake of
simplicity, these losses are not considered 1n equation (2). In
the steady state, the RMS values of the individual output
currents 11 ,, . are equal and correspond to the RMS value of
the power converter circuit output current 11 5, o1, that 1s:

(3)

Since equations (2) and (3) are valid for each of the
individual converter units, there are n equations, each of
these equations describing the relationship between the input
power and the average output power of each of the converter
units 2, where the mput power Pin 1s given as:

1 pars=! oprrrags

Pin=V3-I3 (4),

and the output power Pout 1s given as:

(5).

The 1nput power Pin of each of the individual converter
units 2 and the input voltage V3 and the input current 13,
respectively, are external parameters given by the individual
DC power sources 3. The external AC voltage vl between
the output terminals 11, 12 1s defined by the power grid.

Thus, there are n+l1 variables 1n the power converter
circuit 1, namely the n output voltages v2 of the individual
converter units 2 and the (equal) output currents 11. How-
ever, referring to equations (1) and (2) the system 1s defined
by n+l1 equations, so that each of the n+l1 vanables 1s
determined when the system 1s 1n 1ts steady state. Besides
having each of the converters 2 generate its AC output
current 11 such that there 1s a given phase diflerence (such
as zero) between the AC output current 11 and the external
AC voltage no additional control or regulation mechanism 1s
required. When the output currents 11 of the individual
converter units 2 are in phase with the external AC voltage
vl the real output power of each converter umt equals the
apparent output power, so that the reactive output power 1s
zero. The individual converter units 2 control their output
currents 11 dependent on the phase information as repre-
sented by the at least one measurement signal S ; and
control their output current such that the input power
received at the mput terminals 21, 22 equals the output
power at the output terminals 23, 24.

The DC power sources 3 implemented as PV arrays are
only schematically illustrated in FIG. 1. These PV arrays
cach 1nclude at least one solar cell. Some exemplary
embodiments of PV arrays including at least one solar cell
are 1llustrated 1n FIGS. 2A to 2C. FIG. 2A 1llustrates a first
embodiment. In this embodiment, the PV array 3 includes
only one solar cell 31. Referring to a further embodiment
illustrated 1n FIG. 2B, one PV array 3 includes a string of m
solar cells 31, 3» wherein m>1, connected 1n series. Accord-
ing to yet another embodiment illustrated in FIG. 2C, p
strings of solar cells are connected 1n parallel, wherein p>1.
Each of the strings includes m solar cells 31,, 3m,, 31, 3m,,.
However, the embodiments 1llustrated in FIGS. 2A to 2C are
only exemplary. Many other solar cell arrangements may be
used as well as a DC source 3.

FIG. 3 illustrates an embodiment of a power converter
circuit that includes a voltage measurement circuit 10 with
a plurality of measurement umts 10,, 10,, 10, . The indi-
vidual measurement units 10,, 10,, 10 are connected in
series between the output terminals 11, 12. For simplicity of

PGU‘[ZFZMS'I' ]‘RMS
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the 1llustration, the output capacitances (C,-C_ 1 FIG. 1) are
not 1llustrated 1n FIG. 3. The plurality of measurement units
10,,10,, 10 forms a voltage divider, wherein a voltage drop
vl,, vl,, vl across each of the measurement units 10,, 10,,
10, 1s a function of the external AC voltage vl and includes
an information on the frequency and the phase of the
external AC voltage v1. In this embodiment, each converter
unit 2,, 2,, 2 has a measurement input with two input
terminals 25,, 26, 25,, 26,, 25 ., 26, , and each converter
umt 2,, 25, 2. has the measurement 1input terminals coupled
to one measurement unit 101, 102, 107, so as to receive one
measurement voltage v1,, vl,, vl as the measurement
signal.

In the embodiment illustrated in FIG. 3, the number of
measurement units 10,, 10,, 10 corresponds to the number
of converter units 2,, 2,, 2,, so that each measurement unit
10,,10,, 10, 1s associated with one converter unit 2,, 2., 2 .
However, this 1s only an example. According to a further
embodiment (not illustrated) the measurement voltage pro-
vided by one measurement unit 1s recerved by two or more
converter units.

The individual measurement units 10,, 10,, 10 can be
implemented in many different ways. Some examples are
explained with reference to FIGS. 4A to 4D below. In these
FIGS. 4A to 4D, reference character 10, denotes an arbitrary
one of the measurement units 10,, 10,, 10 _ illustrated 1n
FIG. 3.

Retferring to FIG. 4A, one measurement unit 10, may
include a resistor 10, connected between the terminals of the
measurement unit 10, that serve to connect the individual
measurement units (10,-10, i FIG. 3) in series and that
serve to couple the individual measurement units to the
converter units (2,-2, 1 FIG. 3). According to one embodi-
ment, the resistances of the resistors 10, in the individual
measurement units 10, are equal or at least approximately
equal. In this case, the absolute values of the measurement
voltages v1, provided by the individual measurement units
10, are equal. In a measurement circuit 10 that includes
measurement units 10, implemented with a resistor 10, the
individual measurement voltages v1. are proportional to the
output voltage v1.

In a measurement circuit 10 with measurement units 10,
including resistors, the individual measurement units 10,
form a resistive voltage divider. Referring to a further
embodiment 1llustrated in FI1G. 4B, the individual measure-
ment units 10, each include a capacitor 102 instead of a
resistor. In this case, the imndividual measurement units 10,
form a capacitive voltage divider between the output termi-
nals 11, 12.

Referring to FIG. 4C, that illustrates a further embodi-
ment, each measurement unit 10, can be implemented with
a parallel circuit including a resistor 101 and a capacitor 102.

Reterring to FIG. 4D, that 1llustrates yet another embodi-
ment of one measurement unit 10,, each measurement unit
or at least some of the measurement units can be 1mple-
mented with a voltage divider having a first voltage divider
101 and a second voltage divider element 103. These voltage
divider elements are implemented as resistors 1n the embodi-
ment according to FIG. 4D. However, these voltage divider
clements 101, 103 could also be implemented as capacitors
or as combinations with at least one resistor and at least one
capacitor. In this embodiment, the measurement voltage v1,
1s not the voltage across the measurement unit 10, but 1s the
voltage across the first voltage divider element 101, so that
the measurement voltage v1, 1s a fraction of the voltage
across the measurement umt 10..
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FI1G. 5 illustrates a first embodiment of a converter unit 2
for converting the DC mput voltage provided by one DC
source (not shown 1n FIG. 3) into an AC output voltage v2.
The converter unit 2 includes a DC/AC converter 4 con-
nected between the mput terminals 21, 22 and the output
terminals 23, 24. The DC/AC converter 4 receives the DC
voltage V3 provided by the DC power source as an input
voltage and the DC supply current 13 of the DC power
source as an input current. The DC/AC converter 4 further
receives a reference signal S, .-, which may be an alternat-
ing signal having a frequency and a phase. The DC/AC
converter 4 1s configured to generate the AC output current
11 dependent on the reference signal S,.- such that a
frequency and a phase of the output current 11 correspond to
a frequency and a phase, respectively, of the measurement
signal S ;. The DC/AC converter 4 can be implemented like
a conventional DC/AC converter that 1s configured to gen-
erate an output current in phase with an alternating reference
signal. Such DC/AC converters are commonly known.

It should be noted that each of the DC/AC converter units
2,,2,, 2 controls its output current 11 to have a phase and
frequency that 1s dependent on the at least one measurement
signal S .

The reference signal S, .~ 1s generated by a control circuit
5 dependent on the measurement signal S ; and an output
current signal S;,. The measurement signal S, 1s either the
measurement signal S ; explained with reference to FIG. 1,
one of the measurement voltages vl explained with refer-
ence to FIG. 3, or a scaled version or a fraction thereof. The
output current signal S,, represents the output current 11, 1.e.,
the output current signal S,, 1s dependent on the output
current 11. According to one embodiment, the output current
signal S, 1s a scaled version of the output current 11. The
output current signal S., can be generated in a conventional
manner from the output current 11 using a current measure-
ment circuit (not illustrated). The output current signal S, 1s
generated for each of the converter units (2,-2, ) individually
by detecting the respective output current of each converter
unit. Referring to FIG. S5, the output current 11 of the
illustrated converter unit 2 1s the current received at the
circuit node common to the first output terminal 23 and the
output capacitance C.

The control circuit 5, which will also be referred to as
controller in the following, generates the reference signal
S.-~ dependent on the measurement signal S, and the
output current signal S,, such that the output current, when
generated 1n correspondence with the reference signal S, .,
1s 1n phase with the external AC voltage vl or has a given
phase shiit relative to the external AC voltage v1. It should
be noted that, since the external AC voltage vl the output
current 11 are alternating signals, the measurement signal S_,
and the output current signal S,, are also alternating signals.
In the converter unit 2, the DC/AC converter 4 and the
controller 5 are part of a control loop that controls the output
current 11 to be 1n phase with the external AC voltage v1 or
to have a given phase shift relative thereto.

Although a conventional DC/AC converter may be used
in the converter umt 2 as the DC/AC converter 4 connected
between the input terminals 21, 22 and the output terminals
23, 24, one example of a DC/AC converter 4 will be
explained 1n detail with reference to FIG. 6, 1n order to ease
understanding of embodiments of the invention.

The DC/AC converter 4 illustrated 1n FIG. 6 1s a full-
bridge (H4) converter with two half-bridge circuits each
connected between the mput terminals 21, 22. Each of these
half-bridge circuits includes two switches each having a load
path and a control terminal. The load paths of the two
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switches of one half-bridge circuit are connected in series
between the input terminals 21, 22, where a first switch 42,
and a second switch 42, form the first half-bridge, and a third
switch 42, and a fourth switch 42, form the second hali-
bridge. Each of the halif-bridges includes an output, where an
output of the first half-bridge 1s formed by a circuit node
common to the load paths of the first and second switch 42,
42,. An output of the second half-bridge 1s formed by a
circuit node common to the load paths of the third and fourth
switches 42,, 42,. The output of the first half-bridge 1s
coupled to the first output terminal 23 of the converter unit
2 via a first inductive element 44,, such as a choke. The
output terminal of the second hali-bridge 1s coupled to the
second output terminal 24 of the converter unit 2 via a
second inductive element 44, such as a choke. According to
a further embodiment (not illustrated) only one of the first
and second inductive elements 44, 44, 1s employed. The
converter 4 further includes an input capacitance 41, such as
a capacitance, connected between the iput terminals 21, 22,
and the output capacitance C connected between the output
terminals 23, 24.

Each of the switches 42,, 42, 42,, 42, receives a control
signal S42,, S42,, S42 ., S42, at 1ts control terminal. These
control signals S42,-S42, are provided by a drive circuit 45
dependent on the reference signals S, .~ recerved from the
controller 5. The drive signal S42,-S42, are pulse-width
modulated (PWM) drive signals configured to switch the
corresponding switch 42,-42, on and off. It should be noted
that a switching frequency of the PWM signals S42,-S42 1s
significantly higher than a frequency of the alternating
reference signal S, ... The reference signal SREF may be a
sinusoidal signal with a frequency of 50 Hz or 60 Hz,
depending on the country i which the power grid is
implemented, while the switching frequency of the indi-
vidual switches 42,-42, may be 1n the range of several kHz
up to several 10 kHz, or even up to several 100 kHz. The
drive circuit 45 1s configured to individually adjust the duty
cycle of each of the drive signals S42,-S42, between 0 and
1 1n order to have the waveform of the output current 11
follow the wavetorm of the reference signal S, ... When the
duty cycle of one drive signal 1s 0, the corresponding switch
1s permanently switched oil, and when the duty cycle of one
drive signal i1s 1, the corresponding switch 1s permanently
switched on. The duty cycle of a drive signal 1s the rela-
tionship between the time period for which the drive signal
switches the corresponding switch and the duration of one
switching cycle. The duration of one switching cycle 1s the
reciprocal of the switching frequency.

Referring to what has been explained before, the output
current 11 1s an AC current with a positive half-cycle 1n
which the output current 1s positive, and with a negative
half-cycle in which the output current 11 i1s negative. The
time behavior of the output current 11 1s dependent on the
reference signal S, ... which also has positive and negative
half-cycles.

Two possible operating principles of the converter 4 will
briefly be explained. First, it 1s assumed that a positive
half-cycle of the output current 11 1s to be generated.
According to a first operating principle, which 1s known as
bipolar switching or 2-level switching, the first and fourth
switches 42,, 42, are switched on and off synchronously,
while the second and third switches 42, 42, are permanently
switched off. During an on-phase of the first and fourth
switches 42, 42, an output current 11 1s forced through the
choke(s) 44,, 44, that 1s dependent on the voltage diflerence
between the input voltage V3 across the input capacitance 41
and the output voltage v2, where the output voltage v2 1s
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defined by the power grid voltage v,.. The switches 42,-42,
cach include a freewheeling element, such as a diode, that 1s
also 1llustrated 1n FI1G. 4. The freewheeling elements of the
second and third switches 42, 42, take the current flowing
through the choke(s) 44,, 44, when the first and fourth
switches 42,, 42, are switched ofl. In this method, the
amplitude of the output current 11 can be adjusted through
the duty cycle of the synchronous switching operation of the
first and fourth switches 42,, 42,. When the switching
frequency of the switches 42,, 42, 1s much higher than the
desired frequency of the output current, amplitude, fre-
quency and phase of the AC output current 11 can be
adjusted dependent on the reference signal S, - through the
duty cycle of the synchronous switching operation of the
first and fourth switches 42,, 42,. During the negative
half-cycle the second and third switches 42,, 42, are

on and ofl synchronously, while the first and fourth

switched
switches 42,, 42, are permanently ofl, so that the body
diodes of these first and fourth switches 42,, 42, are con-
ducting. Alternatively, the switches 42,, 42, are switched
(with short dead times) when their body diodes are forward
biased, so as to be operated as synchronous rectifiers.

According to a second operating principle, which 1s
known as phase chopping or 3-level switching, the first
switch 42, 1s permanently switched on during the positive
half cycle of the output voltage v2, the second and third
switches 42 ,, 42, are permanently oil, and the fourth switch
42, 1s switched on and off 1n a clocked fashion. During an
on-phase of the first and fourth switches 42, 42, an output
current 11 1s forced through the choke(s) 44, 44 that 1s
dependent on voltage difference between the mput voltage
V3 across the mput capacitance 41 and the output voltage
v2, where the output voltage v2 1s defined by the power grid
voltage vIN. During an ofl-phase of the fourth switch 42, a
freewheeling path 1s offered by the freewheeling element of
switch 42, and the switched-on first switch 42, thus enabling
a zero volt state across the output chokes. In this method, the
amplitude of the output current 11 can be adjusted through
the duty cycle of the switching operation of the first and
fourth switch 42,, 42,. During the negative half-cycle the
first and fourth switches 42,, 42, are permanently switched
off, the second switch 42, 1s permanently switched on, and
the third switch 42, 1s sw1tched on and offl 1 a clocked
fashion.

In order to control an instantaneous amplitude of the
output current 11 during the positive hali-cycle, the drive
circuit 45 varies the duty cycle of the at least one switch that
1s switched on and ofl 1n a clocked fashion. The duty cycle
of the at least one clocked switch and the duty cycle of 1ts
drive signal, respectively, 1s increased in order to increase
the amplitude of the output current 11 and 1s decreased in
order to decrease the amplitude of the output current 11. This
duty cycle 1s dependent on the instantaneous amplitude of
the reference signal S, ...

The switches 42,-42, may be implemented as conven-
tional electronic switches. Referring to FIG. 7A, which
illustrates a first embodiment for implementing the switches,
the switches may be implemented as MOSFETs, specifically
as n-type MOSFETs. Flectronic switch 42 i FIG. 7A
represents an arbitrary one ol the switches 42,-42,. A
MOSFET, such as the n-type MOSFET illustrated in FIG.
7 A has an integrated diode that 1s also illustrated 1n FIG. 7A.
This diode 1s known as body diode and may act as a
freewheeling element. A drain-source path, which 1s a path
between a drain terminal and a source terminal, forms a load
path of a MOSFET, and a gate terminal forms a control
terminal.
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Reterring to FIG. 7B, the switches 42,-42, could also be
implemented as IGBTs, where additionally a diode may be
connected between a collector and an emitter terminal of the

IGBT. This diode acts as a freewheeling element. In an
IGBT, the load path runs between the emitter and the
collector terminal, and the gate terminal forms a control
terminal.

According to a further embodiment, two of the four
switches, such as the first and third transistors 42,, 42, are
implemented as SCR Thyristors, while the other two
switches are implemented as MOSFET.

According to yet another embodiment, illustrated 1n FIG.
7C, the switches 42,-42, can be implemented as (GalN-
HEMTs (Galhum-Nltrlde ngh Electron Mobility Transis-
tors). Unlike a conventional (silicon or silicon carbide)
MOSFET a GaN-HEMTT does not include an integrated body
diode. In a GaN-HEMT, a current conduction 1n a reverse
direction (corresponding to the forward direction of a body
diode 1n a conventional MOSFET) can be obtained through
a substrate biased turn-on. When implementing the switches
in GaN technology, all switches of one converter unit can be
implemented on a common semiconductor substrate.

FIG. 8 schematically illustrates an embodiment of the
controller 5 that generates the reference signal S, .~ depen-
dent on the measurement signal S ; and the output current
signal S;,. FIG. 8 shows a block diagram of the controller 5
in order to illustrate 1ts operating principle. It should be
noted that the block diagram illustrated in FIG. 8 merely
serves to 1llustrate the functionality of the controller 5 rather
than 1ts implementation. The individual function blocks, that
will be explained 1n further detail below, may be imple-
mented using a conventional technology that 1s suitable to
implement a controller. Specifically, the function blocks of
the controller 5 may be mmplemented as analog circuits,
digital circuits, or may be implemented using hardware and
software, such as a microcontroller on which a specific
software 1s running 1n order to implement the functionality
of the controller 5.

Retferring to FIG. 8, the controller 5 includes a phase
locked loop (PLL) 51 that provides a frequency and phase
signal S_ , representing the frequency and the phase of the
measurement signal S ;. The PLL 51 receives the measure-
ment signal S ;. The frequency and phase signal provided by
the PLL 51 1s received by a signal generator 52, such as a
VCO, that generates a sinusoidal signal S,, .- being in
phase with the measurement signal Svl and forming a
reference signal for the output current 11 of the converter
unit 2.

Referring to FIG. 8, the controller further receives the
output current signal S,, and calculates an error signal by
subtracting the output current signal S,, from the output
current reference signal S, _,~~. The subtraction operation 1s
performed by a subtractor receiving the output current
measurement signal S,,_» -~ and the output current signal S,
at input terminals and providing the error signal at an output
terminal. The error signal, which 1s also a sinusoidal signal
1s filtered 1n a filter 53 connected downstream the subtractor
54. The reference signal S, -~ 1s a filtered version of the error
signal available at the output of the filter 53. The filter 1s,
¢.g., a proportional (P) filter.

Optionally, a phase signal S 1s added to the output signal
of the PLL 31 before generating the sinusoidal reference
signal S., - In this embodiment the reference signal
S .~~~ and, therefore, the output current 11, has a phase
relative to the measurement signal S ,, with the phase shift
being defined by the phase signal S,
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FIG. 9 1llustrates an embodiment of the PLL 51 of FIG.
6. This PLL includes a VCO 511 that receives the frequency
and phase signal S_,, and generates an oscillating signal with
a frequency and phase dependent on the frequency and
phase signal S_ .. This oscillating signal 1s multiplied with
the measurement signal S ;, using a multiplier. An output
signal of the multiplier 1s filtered using a low-pass filter 513
and PID filter 514 connected downstream the low-pass filter.
Instead of a PID-filter a PI-filter may be used as well. The
output signal of the filter 514 1s multiplied with 1/s in the
frequency domain, where the result of this multiplication 1s
the frequency and phase signal S, ..

FIG. 10 illustrates a further embodiment of the controller
5. In this embodiment, a second PLL 51' receives the output
current signal S,; and calculates a further frequency and
phase signal representing frequency and phase of the output
current signal S;,. The further frequency and phase signal 1s
subtracted from the frequency and phase signal S_ . repre-
senting frequency and phase of the measurement signal S,
(and, optionally, the phase shift S;) using a subtractor 54, so
as to provide an error signal. The error signal 1s filtered using
a filter 53 and a signal generator 352, such as a VCO, recerves
the error signal and generates a sinusoidal reference signal
with frequency and phase defined by the filtered error signal.
In this embodiment, the filter 53 can be implemented as a
P-filter or as a Pl-filter.

FIG. 11 illustrates a further embodiment of one converter
unit 2. This converter unit besides the DC/AC converter 4
and the controller 5 includes a DC/DC converter 6 con-
nected between the mnput terminals 21, 22, and the DC/AC
converter 4. The DC/AC converter 4 may be implemented as
explained with reference to FIGS. 6 to 10 with the difference
that the DC/AC converter 4 of FIG. 11 receives a DC input
voltage V6 from the DC/DC converter 6 instead of the input
voltage V3 of the converter unit 2. A capacitor 60 connected
between the terminals 61, 62 may represent an output
capacitor of the DC/DC converter 6 or an input capacitor 41
of the DC/AC converter 4, or both. This capacitor 60 can be
referred to as DC link capacitor.

The DC/DC converter 6 1s configured to adjust the input
voltage V3 or the mput current I3 to a voltage or current
value, respectively, that 1s dependent on a reference signal
S 3 recerved by the DC/DC converter 6. For explanation
purposes 1t 1s assumed that the DC/DC converter 6 adjusts
the input voltage V3 dependent on the reference signal
S 1. Adjusting the input voltage V3 of the converter unit
2 may help to operate the DC power source 3 connected to
the mput terminals 21, 22, 1n an optimum operating point.
This will be explained 1n the following.

A solar cell and, therefore, a PV module including several
solar cells, acts like a power generator providing a DC
output voltage and a DC output current when 1t 1s exposed
to sunlight. For a given light power received by the PV array
there 1s a range of output currents and a range of corre-
sponding output voltages at which the PV array can be
operated. However, there 1s only one output current and one
corresponding output voltage at which the electric power
provided by the PV array has its maximum. The output
current and the output voltage at which the output power
assumes 1ts maximum define the maximum power point
(MPP). The MPP varies dependent on the light power
received by the array and dependent on the temperature.

Referring to FIG. 11, the converter umt 2 further includes
a maximum power point tracker (MPPT) 7 that 1s configured
to provide the reference signal S, - -+ such that DC/DC
converter 6 adjusts the input voltage such that the DC power
source 3 1s operated in 1ts MPP. The MPPT 7 receives an
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iput current signal S,; that represents the mput current 13
provided by the DC power source 3 (illustrated 1n dashed
lines 1 FIG. 9), and an imput voltage signal S, that
represents the input voltage V3 provided by the DC power
source 3. From the input current signal S,; and the input
voltage signal S, the MPPT 7 calculates the instantaneous
input power provided by the DC source 3. The input voltage
signal S, can be obtained from the input voltage V3 1n a
conventional manner by, for example, using a voltage mea-
surement circuit. Equivalently, the mput current signal S,
can be obtained from the input current I3 1n a conventional
manner using, for example, a current measurement circuit.
Those voltage measurement circuits and current measure-
ment circuits are commonly known and are not illustrated in
FIG. 11.

The basic operating principle of the MPPT 7 1n order to
find the MPP 1s to vary the reference signal S, .~ ;- within
a given signal range and to determine the iput power
provided by the DC power source 3 for each of the input
voltages V3 defined by the different reference signals Sy
v3. The MPPT 7 1s further configured to detect the mput
voltage V3 for which the maximum input power has been
obtained, and to finally set the reference signal S, .. ;- tO
that value for which the maximum input power has been
detected.

Since the solar energy recerved by the PV array 3 may
vary, the MPPT 7 1s further configured to check whether the
DC power source 3 1s still operated 1n 1ts maximum power
point either regularly or when there 1s an 1indication that the
maximum power point might have changed. An indication
that the maximum power point might have changed 1s, for
example, when the 1input current 13 represented by the mput
current signal S,, changes without the reference signal
S,z 1+ having changed. The regular check or the event-
driven check of the MPPT 7 whether the DC power source
3 1s st1ll operated 1n 1ts maximum power point, may include
the same algorithm that has been explained before for
detecting the maximum power point for the first time.
Conventional algorithms for detecting the maximum power
point that can be implemented 1n the MPPT 7 include, for
example, a “hill climbing algorithm™ or a “perturb-and-
observe algorithm”™.

The DC/DC converter 6 can be immplemented like a
conventional DC/DC converter. A first embodiment of a
DC/DC converter 6 that can be used in the converter unit 2
1s 1llustrated in FIG. 12. The DC/DC converter 6 1llustrated
in FIG. 12 1s implemented as a boost converter. This type of
converter includes a series circuit with an inductive storage
element 64, such as a choke, and a switch 65 between the
input terminals of the DC/DC converter 6, where the mput
terminals of the DC/DC converter 6 correspond to the input
terminals 21, 22 of the converter unit 2. Further, a rectifier
element 66, such as a diode, 1s connected between a circuit
node common to the inductive storage element 64 and the
switch 65 and a first output terminal 61 of the DC/DC
converter 6. A second output terminal 62 of the DC/DC
converter 6 1s connected to the second mput terminal 22. An
output voltage V6 of the DC/DC converter 1s available
between the output terminals 61, 62. Referring to FIG. 12,
the DC/DC converter 6 may further include a first capacitive
storage element 63, such as a capacitor, between the 1nput
terminals 21, 22, and a second capacitive storage element
68, such as a capacitor, between the output terminals 61, 62.
The second capacitive storage element 68 acts as an energy
storage that 1s necessary when generating the AC output
current 11 from the DC voltage V6 available at the output of

the DC/DC converter 6.
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The switch 65 can be implemented as a conventional
electronic switch, such as a MOSFET or an IGBT. Further,
the rectifying element 66 could be implemented as a syn-
chronous rectifier, which 1s a rectifier implemented using an
electronic switch, such as a MOSFET or an IGBT. Accord-
ing to a further embodiment, the switch 65 1s implemented
as GaN-HEMT.

The DC/DC converter 6 further includes a control circuit
(controller) 67 for generating a drive signal S635 for the
switch 65. This drive signal S65 1s a pulse-width modulated
(PWM) drive signal. The PWM controller 67 1s configured
to adjust the duty cycle of this drive signal S65 such that the
input voltage V3 corresponds to the desired input voltage as
represented by the reference signal S, ... ,-. For this, the
control circuit 67 receives the reference signal S, .~ ;- and
the input voltage signal S, that represents the input voltage
V3.

A first embodiment of the PWM control circuit 67 1s
illustrated 1 FIG. 13. Like in FIG. 8 (which illustrates an
embodiment of the controller 5) 1n FIG. 11 functional blocks
of the controller 67 are 1llustrated. These functional blocks
can be implemented as analog circuits, as digital circuits or
can be implemented using hardware and software. Referring
to FIG. 13, the control circuit 67 calculates an error signal
S .~ Irom the input voltage signal S;, and the reference
signal S, -~ ;. The error signal S, 1s calculated by either
subtracting the mput voltage signal S, from the reference
signal S, ;- (as illustrated) or by subtracting the reference
signal S, .- .~ Irom the mput voltage signal S,,. The error
signal S, 1s provided by a subtraction element 671 that
receives the iput voltage signal S ;- and the reference signal

SREF—VB'
The error signal S,.., 1s received by a filter 672 that

generates a duty cycle signal S, ~ from the error signal S, ».
The duty cycle signal S, - represents the duty cycle of the
drive signal S65 provided by the control circuit 67. The filter
672 can be a conventional {filter for generating a duty cycle
signal S, ~from an error signal S, » 1n a PWM controller of
a DC/DC converter, such as a P-filter, a Pl-filter, or a
PID-filter.

A PWM driver 673 receives the duty cycle signal S, -~ and
a clock signal CLK and generates the drive signal S65 as a
PWM signal having a switching frequency as defined by the
clock signal CLK and a duty cycle as defined by the duty
cycle signal S,,~. This driver 673 can be a conventional
PWM dniver that 1s configured to generate a PWM drive
signal based on a clock signal and a duty cycle information.
Such drivers are commonly known, so that no further
information are required in this regard.

The basic control principle of the controller 67 of FIG. 12
will briefly be explained. Assume that the mput voltage V3
has been adjusted to a given value represented by the
reference signal S .~ ;- and that the reference signal S, ..
v3 changes, so that the input voltage V3 has to be re-
adjusted. For explanation purposes i1t 1s assumed that the
input voltage V3 1s to be increased as defined by the
reference signal S, .~ ;~. In this case the control circuit 67
reduces the duty cycle of the drive signal S65. Reducing the
duty cycle of the drive signal S65 results in a decreasing
(average) mput current 13, where decreasing the input cur-
rent 13, at a given power provided by the DC power source
3 results 1n an increasing input voltage V3. Equivalently, the
duty cycle 1s increased when the mput voltage V3 1s to be
decreased. An increase in the duty cycle results i an
increase of the mput current I3.

The boost converter according to FIG. 12 does not only
provide a load to the DC power source 3 1n order to operate
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the DC power source 3 i its maximum power point. This
boost converter also generates an output voltage V6 received
by the DC/AC converter 4 (see FIG. 11) that 1s higher than
the input voltage V3. Further, the boost converter 1s 1imple-
mented such that the output voltage V6 1s higher than a peak
voltage of the output voltage v2 of the DC/AC converter, but
lower than a voltage blocking capability of the switches (see
42.-42, 1 FIG. 6) implemented 1n the DC/AC converter.

Referring to FI1G. 14, the DC/DC converter 6 may also be
implemented as a buck converter. This buck converter
includes a series circuit with an inductive storage element
64, such as a choke, and a switch 65 between the first input
terminal 21 and the first output terminal 61. A freewheeling
element 66, such as a diode, 1s connected between the
second output terminal 62 and a circuit node common to the
inductive storage element 64 and the switch 65. A capacitive
storage element 63, such as a capacitor, 1s connected
between the input terminals 21, 22.

Like 1n the boost converter of FIG. 12, the switch 65 1n the
buck converter of FIG. 14 can be implemented as a con-
ventional electronic switch, such as a MOSFET or an IGBT,
or could be implemented as a GaN-HEMT. Further, the
freewheeling element 66 could be implemented as a syn-
chronous rectifier.

Like 1n the boost converter according to FIG. 12, the
switch 65 in the buck converter according to FIG. 14 1s
driven by a PWM drive signal S65 provided by a control
circuit 67. The control circuit 67 may be implemented as
illustrated 1n FIG. 13. The operating principle of the control
circuit 67 1n the buck converter of FIG. 14 1s the same as 1n
the boost converter of FIG. 12, 1.e., the duty cycle of the
drive signal S65 1s increased when the mput voltage V3 1s
to be decreased, and the duty cycle 1s decreased, when the
input voltage V3 1s to be increased.

It should be noted that implementing the DC/DC con-
verter 6 as a boost converter (see FIG. 12) or as a buck
converter (see FIG. 14) 1s only an example. The DC/DC
converter 6 could also be implemented as a buck-boost
converter, a boost-buck-converter, a flyback converter, and
so on. Whether a boost converter or a buck converter 1s used
as a DC/DC converter for tracking the maximum power
point of the DC power source 3 and for providing the input
voltage V6 to the DC/AC converter 4, intfluences the number
of converter units 2 to be connected 1n series 1n order for the
sum ol the output voltages v2 of the converter units 2 to
correspond to the external AC voltage vl. This will be
explained by the way of an example 1n the following.

Assume that there 1s an external AC voltage vl with
240V , .- 1s desired. The peak voltage (maximum amplitude)
of this voltage v1 1s 338V (240V-sqrt(2), where sqrt 1s the
square root). Further assume that the DC power sources 3
are PV arrays each providing an output voltage between 24V
and 28V when exposed to sunlight. The DC/AC converter 4
has a buck characteristic, which means that the peak value
ol the output voltage v2 (see FIG. 4) 1s less than the received
DC input voltage V3 or V6, respectively. Thus, when buck
converters are employed as DC/DC converters 6 1n the
converter units 2 or when no DC/DC converters are used, at
least 15 converter units 2 with PV panels connected thereto
need to be connected 1n series. This 1s based on the assump-
tion that each PV array generates a minimum voltage of
V3=24V and that a peak voltage of the external AC voltage
v1 15 338V. The number of 15 1s obtained by simply dividing
338V through 24V (338V/24V=14.08) and rounding the
result to the next highest integer.

When, however, a boost converter 1s used as the DC/DC
converter 6 that, for example, generates an output voltage
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V6=60V from the input voltage V3 (which 1s between 24V
and 28V) the number of converter units 2 to be connected 1n
series may be reduced to about 6.

In the DC/AC converter 4 1llustrated in FIG. 11, the output
voltage V6 of the DC/DC converter 6 may vary dependent
on the input power received at the mput terminals 21, 22
from the DC power source 3 and dependent on the output
current 11 or, more exactly, dependent on the average of the
output current 11. According to a further embodiment 1llus-
trated 1n FIG. 135, the control circuit 5 1s further configured
to control the input voltage of the DC/AC converter 4 and
the output voltage of the DC/DC converter 6, respectively.
For this, the control circuit 5 recetves an input voltage signal
S, that represents the input voltage V6. The control circuit
5 1s configured to adjust the input voltage V6 by varying the
duty cycle of those switches 1n the DC/AC converter 4 that
are driven 1n a clocked fashion. The mput voltage can be
increased by generally decreasmg the duty cycle and can be
decreased by generally increasing the duty cycle. For this,
the control circuit 5 includes a further control loop, Where
this control loop 1s slower than the control loop that causes
the output current 11 to follow the reference signal S,...
This control loop 1s, for example configured to cause varia-
tions of the duty cycle at a frequency of between 1 Hz and
10 Hz.

The control circuit 5 of FIG. 15 1s based on the control
circuit 1illustrated in FIG. 8 and additionally includes a
turther control loop that serves to adjust the amplitude of the
output current reference signal S,, .. dependent on the
input voltage signal S... Instead of the control loop 1llus-
trated in FIG. 8, the control circuit according to FIG. 15
could also be implemented based on the control circuit of
FIG. 10. Referring to FIG. 15, the control loop includes a
turther subtraction element 356, a {ilter 55, and a multiplier
57. The subtraction element 56 receives the mput voltage
signal S and a reference signal S,_» - that represents a set
value of the mput voltage V6. The subtraction element 56
generates a further error signal based on a diflerence
between the mput voltage signal S, and the reference signal
Sy« »rr- Lhe filter 55 receives the turther error signal and
generates an amplitude signal S ,, -, representing an ampli-
tude of the reference signal S, .. from the further error
signal. The filter may have a P-characteristic, an I-charac-
teristic, a PI-characteristic, or a PID-characteristic. The
amplitude signal S ,, -, and the output signal of the VCO 52
are received by the multiplier 57 that provides the output
current reference signal S, ... The output current refer-
ence signal S, _» -~ has an amplitude that 1s dependent on the
input voltage V6 and that serves to control the input voltage
V6 of the DC/AC converter (4 1n FIG. 11), and a frequency
and phase of the output current 11. The frequency and the
phase of the reference signal S, .. are dependent on the at
least one measurement signal S ; and the output current
signal S., and serve to adjust frequency and phase of the
output current 11 such that there 1s a given phase difference
between the output current and the output voltage.

The 1nput voltage reference signal Sy »-~ may have a
fixed value that 1s, selected such that the input voltage V6 1s
sufliciently below the wvoltage blocking capability of
switches employed 1n the DC/AC converter. However, it 1s
also possible to vary the input voltage reference signal
S« »er dependent on the output current, specifically on the
RMS value of the output current 11. According to one
embodiment, the mput voltage reference signal S, o7
decreases when the output current 11 1ncreases, and the mput
voltage reference signal S, .. Increases when the output
current decreases. According to one embodiment, the mput
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voltage reference signal S, .-~ has a first signal value when
the output current 11 1s below a given threshold value, and
has a lower second signal value when the output current 11
1s above a given threshold value.

The control circuit illustrated 1n FIG. 15 could also be
implemented 1n a converter as illustrated in FIG. 6 in which
the DC/DC converter 1s omitted. In this case, the input
voltage to be controlled 1s the output voltage V3 of the PV
module, so that the voltage signal S, 1n FIG. 15 1s replaced
by the voltage signal S, representing the output voltage of
the DC source 3, and the input voltage reference signal
S« »er 18 replaced by the reference signal S;,_» .- defining,
a desired output voltage of the DC power source 3. The mnput
voltage reference signal S, .. may in this case be pro-

vided by an MPPT 1n order to operate the DC power source
(PV module) 3 1n 1ts MPP.

FIG. 16 1illustrates a further embodiment of a DC/DC
converter 6 that can be implemented in a DC/AC converter
umit 2 of FIG. 11. The DC/DC converter of FIG. 16 1s
implemented as a boost converter with two converter stages
60,, 60,. The two converter stages 60,, 60, are connected 1n
parallel between the mput terminals 21, 22 and the output
terminals 61, 62. Each of the converter units 60,, 60, 1s
implemented like the boost converter of FIG. 12 and
includes a series circuit with an inductive storage element
64,, 64, such as a choke, and a switch 65,, 65, between the
input terminals of the DC/DC converter 6, where the input
terminals of the DC/DC converter 6 correspond to the input
terminals 21, 22 of the converter unit 2. Further, each
converter stage includes a rectifier element 66,, 66, such as
a diode, connected between a circuit node common to the
corresponding inductive storage element 64,, 64, and the
corresponding switch 65,, 65, and the first output terminal
61 of the DC/DC converter 6. The second output terminal 62
of the DC/DC converter 6 1s connected to the second 1nput
terminal 22.

The two converter stages 60, 60, share the first capacitive
storage element 63 between the mput terminals 21, 22, and
share the second capacitive storage element 68 between the
output terminals 61, 62. The output voltage V6 of the
DC/DC converter 6 1s available across the second capacitive
storage clement 68.

Referring to FIG. 16, the control circuit (controller) 67 of
the DC/DC converter 6 generates two PWM drive signals
S65,, S65,, namely a first drive signal S635, for the switch
65, of the first converter stage 60,, and a second drive signal
S65., for the switch 65, of the second converter stage 60..
According to one embodiment, the first and second boost
converter stages 60,, 60, are operated interleaved, which
means that there 1s a time oflset between the switching
cycles of the first switch 65, and the switching cycles of the
second switch 635,. Providing two converter stages 60,, 60,
and operating these converter stages 60,, 60, 1n an 1inter-
leaved mode helps to reduce voltage ripples of the input
voltage V3 and the output voltage V6 of the DC/DC
converter 6. Of course, more than two boost converter stages
60,, 60, can be connected 1n parallel.

Referring to FIG. 16, each boost converter stage 60,, 60,
provides an output current 16,, 16,. These output currents
16,, 16, add and form the overall output current 16 of the
DC/DC converter. FIG. 17 illustrates a first embodiment of
the controller 67 configured to generate PWM drive signals
S65,, S635, for each converter stage 60,, 60,, and further
configured to generate the PWM drive signals S65,, S65,
such that the output currents 16,, 16, of the converter stages

60,, 60, are balanced.
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Referring to FIG. 17 the control circuit 67 1s based on the
control circuit 67 of FIG. 13 and includes the subtraction
clement 671 receiving the input voltage signal S, and the
input voltage reference signal S, .~ ;- and the filter 672 for

providing the duty cycle signal S,, .. The controller 67 of >

FIG. 17 further includes a first PWM driver 673, receiving

a first duty cycle signal S, -, that 1s dependent on the duty
cycle signal S, provided by the filter 672 and receiving a
first clock signal CLK,, and a second PWM driver 673,

receiving a second duty-cycle signal S, -, that 1s dependent
on the duty cycle signal S, - provided by the filter 672 and
receiving a second clock signal CLK,. According to one
embodiment, the first and second clock signals CLK,, CLK,
have the same frequency. However, there 1s a phase shiit
between the first and second clock signal CLK,, CLK,, so
that there 1s a phase shift between the first PWM drive signal
S65, provided by the first PWM driver 673, and the second
PWM drive signal S65, provided by the second PWM driver
673..

It the first and second converter stages 60,, 60, would
perfectly match so that there would be no risk of unbalanced
output currents 16,, 16, the duty cycle signal S,, . could be
used as the first duty cycle signal S, and as the second
duty cycle signal S,.,. However, due to an inevitable
mismatch of the components 1n the converter stages 60, 60,
the output currents 16,, 16, can be unbalanced when the first
and second drive signal S635,, S65, would be generated with
exactly the same duty cycle.

In order to compensate for such unbalances of the first and
second output currents 16, 16,, the controller 67 of FIG. 17
includes an additional control loop, that can be referred to as
current balancing loop or power balancing loop. This control
loop receives a first output current signal S,., representing
the first output current 16, of the first converter stage 60,
and a second output current signal S,., representing the
output current 16, of the second converter stage 60,. These
output current signals S,.,, S,, can be generated using
conventional current measurement units. The output current
signals S,.,, S,., are recerved by a subtraction unit 675 that
generates a further error signal S,.,.,.. The further error
signal S,..., 15 representative of a diflerence between the
first and second output currents 16,, 16,. Further error signal
S - »r- 18 recerved by a filter 676 that generates a filtered error
signal. The filter 676 may have a P-characteristic, a I-char-
acteristic, or a PI-characteristic.

A further subtraction unit 674, subtracts the filtered error
signal from the duty cycle signal S, to generate the first
duty cycle signal S, -,, and an adder 674, adds the filtered
error signal to the duty cycle signal S,,~ to generate the
second duty cycle signal S, .

The operating principle of the controller 67 of FIG. 17 1s
as follows. When the first and second output currents 16,, 16,
are 1dentical, the further error signal S, ., 1s zero. In this
case, the first duty cycle signal S, ., corresponds to the
second duty cycle signal S, ~,. When, for example, the first
output current 16, 1s larger than the second output current
16,, the further error S, »- and the filtered error signal have
a positive value. In this case, the duty cycle signal S, -,
(obtained by subtracting the filtered error signal from the
duty cycle signal S,,-) becomes smaller than the second duty
cycle signal S, (obtamned by adding the filtered error
signal to the duty cycle signal S,, ). Thus, the duty cycle of
the first drive signal S65, becomes smaller than the duty
cycle of the second drive signal S65, in order to reduce the
first output current 16, and to increase the second output
current 16,, so as to balance these output currents 16,, 16,.
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FIG. 18 illustrates a further embodiment of the control
circuit 67 that 1s configured to balance the output currents
I16,, 16,. The control circuit 67 of FIG. 18 1s based on the
control circuit 67 of FI1G. 17. In the control circuit 67 of FIG.
18, the subtraction unit 674, that generates the first duty
cycle signal S, does not receive the duty cycle signal S, -
but receives a filtered version of a difference between the
duty cycle signal S, and the first output current signal S, .
A subtraction unit 677, calculates the difference and a filter
678, filters the diflerence. The filter may have a P-charac-
teristic, an I-characteristic or PI-characteristic. Equivalently,
the adder 674, that provides the second duty cycle signal
S~ does not receive the duty cycle signal S, - but receives
a filtered difterence between the duty cycle signal S, - and
the second input current signal S,.,. A subtraction unit 677,
calculates the diflerence between the duty cycle signal S, -
and the second output current signal S,.,, and a filter 678,
filters the difference. The output signals of the filter 678,,
678, arc received by the subtraction unit 674, and the adder
674, respectively.

While in the embodiment illustrated 1n FIG. 17 a single
control loop 1s employed to regulate the input voltage V3, a
dual control loop structure 1s employed in the embodiment
according to FIG. 18.

FIG. 19 illustrates a further embodiment of a converter
umt 2 with a DC/AC converter 4. The converter umit 2 may
turther include a DC/DC converter 6 (see FIG. 9) connected
between the input terminals 21, 22 and the DC/AC converter
4. However, such DC/DC converter 1s not illustrated 1n FIG.
13. Dependent on whether or not the converter unit 2
includes a DC/DC converter, the DC/AC converter 4
receives the input voltage V3 of the converter unit 2 or the
output voltage of the DC/AC converter 4 (not illustrated 1n
FIG. 19) as an 1mput voltage. Just for explanation purposes
it 1s assumed that the DC/AC converter 4 receives the mput
voltage V3.

The DC/AC converter 4 of FIG. 19 includes a buck
converter 80 that receives the mput voltage V3 as an mput
voltage. The buck converter 80 1s configured to generate an
output current 180 which 1s a rectified version of the output
current 11 of the DC/AC converter 4. Assume, for example
that a desired wavelorm of the output current 11 1s a
sinusoidal waveform. In this case, the output current 180
provided by the converter 80 has the waveform of a rectified
sinusoidal curve or the waveform of the absolute value of a
sinusoidal curve, respectively. This 1s schematically 1llus-
trated 1n FIG. 20, 1n which exemplary timing diagrams of a

sinusoidal output current 11 and the corresponding output
current 180 of the converter 80 are 1llustrated.

The output current 11 of the DC/AC converter 4 1s
produced from the output current 180 of the buck converter
80 using a bridge circuit 85 with two hali-bridges, where
cach of these half-bridges 1s connected between output
terminals 81, 82 of the buck converter 80. This bridge circuit
83 can be referred to as unfolding bridge. A first halif-bridge
includes a first and a second switch 835,, 85, connected 1n
series between the output terminals 81, 82, and a second
half-bridge includes a third switch 85, and a fourth switch
85, connected 1n series between the output terminals 81, 82.
An output terminal of the first haltf-bridge, which 1s a circuit
node common to the first and second switches 85,, 85, 1s
coupled to the first output terminal 23. An output terminal of
the second half-bridge, which 1s a circuit node common to
the third and fourth switch 85;, 85, 1s coupled to the second
output terminal 24 of the converter umt 2. Optionally, an
EMI filter 88 with two inductances, such as chokes, 1s
coupled between the output terminals of the half-bridges and
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the output terminals 23, 24 of the converter unit 2. The
output capacitance C of the converter unit 2 that 1s connected
between the output terminals can be part of the EMI filter 88.
Referring to FIG. 19, the output current 180 of the buck
converter 80 has a frequency which 1s twice the frequency 5
of the output current 11. A switching frequency of the
switches 85 -85, of the bridge circuit 85 corresponds to the
frequency ef the output current 11. During a positive hali-
cycle ot the output current 11 the first and fourth switch 85,,
85, are switched on, and during a negative hali-cycle of the 10
output voltage v2 the second and third switches 85, 85, are
switched on. The switches of the bridge circuit 85 are driven
by drive signals S85,-S85, generated by a drive circuit 90.
Timing diagrams of these drive signals S85,-385, are also
illustrated 1n FIG. 20. In FIG. 20, a high signal level of these 15
timing diagrams represents an on-level of the corresponding
drive signal S85,-585,. An on-level of the drive signal 1s a
signal level at which the corresponding switch 1s switched
on. The drive signals S85,-S85, may, for example, be
generated dependent on the output voltage v80 of the buck 20
converter 80, where, according to one embodiment, drive
circuit 90 changes the switching state of the switches each
time the output voltage v80 has decreased to 0. “Changing
the switching state” means either switching the first and the
fourth switches 835,, 85, on and the other two switches off, 25
or means switching the second and the third switch 85, 85,
on and the other two switches ofl.
The buck converter 80 may have a conventional buck
converter topology and may include a switch 83 connected
in series with an inductive storage element 84, where the 30
series circuit 1s connected between the first input terminal 21
of the converter umit 2 or the first output terminal 61 of a
DC/DC converter (not shown), and the first output terminal
81 of the buck converter 80, respectively. A rectifier element
86 1s connected between the second output terminal 82 35
(corresponding to the second input terminal 22) of the buck
converter and a circuit node common to the switch 83 and
the inductive storage element 84. The switch 83 can be
implemented as a conventional electronic switch, such as a
MOSFET or an IGBT, or as a GaN-HEMT. The rectifier 40
clement 86 can be implemented as a diode or as a synchro-
nous rectifier. Further, a capacitive storage element 91, such
as a capacitor, 1s connected between the input terminals of
the buck converter 80, and an optional smoothing capacitor
89 1s connected between the output terminals 81, 82. 45
The switch 83 of the buck converter 80 1s driven by a
PWM drive signal S83 generated by a control circuit or
controller 87. The controller 87 of the buck converter 80
receives the reference signal S, ... from the controller 5 of
the converter unit 2. The controller 87 of the buck converter 50
80 1s configured to generate 1ts output current 180 in corre-
spondence with the reference signal S, ... This reference
signal S, .- according to FIG. 19, unlike the reference signal
S of FIG. 11, does not have the wavetorm of the output
current 11, but has the wavelform of the rectified output 55
current 11. This reference signal S, ... 1s also generated from
the measurement signal S , and the output current signal S ;.
The controller S for generating the reference signal S, -~
according to FIG. 19 may correspond to the controllers
illustrated 1n FIGS. 8 and 15 with the difference that the 60
oscillating signal provided at the output of the filter 53 is
rectified. An embodiment of the controller 5 according to
FIG. 19 1s illustrated in FIG. 21. This controller 5 corre-
sponds to the controller according to FIG. 8 with the
difference that the output signal of the filter 53 1s received by 65
a rectifier 38 that generates a rectified version of the oscil-
lating output signal of the filter 53. Mathematically this 1s
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equivalent to forming the absolute value of the oscillating
output signal of the filter $3. The reference signal S, .. 1s
available at the output of the rectifier 58.

FIG. 22 1llustrates a further embodiment of a controller 5
that can implemented 1n the DC/AC converter 4 of FI1G. 19.
The controller 5 of FIG. 22 is based on the controller 5 of
FIG. 15 with the difference that the amplitude signal S ,, .,
1s generated from the iput voltage signal S, that represents
the mput voltage V3 provided by the DC power source 3,
and from the mput voltage reference signal S, - The
input voltage reference signal S, .-~ can be generated by
an MPPT, such as an MPPT 7 explained with reference to
FIG. 11.

The control loops illustrated 1n FIGS. 15, 21 and 22 could,
of course, be amended to be based on the control loop
structure of FIG. 10 instead of FIG. 8.

Referring to FIG. 19, the controller 87 of the buck
converters 80 can be mmplemented like a conventional
controller for providing a PWM drive signal in a buck
converter. The controller 87 receives the reference signal
S, and an output current signal S..,, where the output
current signal S ., represents the output current vi80 of the
buck converter 80. The controller 87 1s configured to vary
the duty cycle of the drive signal S83 such that the output
current 180 of the buck converter 80 1s 1n correspondence
with the reference signal S,... The functionality of this
controller 87 corresponds to the functionality of the con-
troller 67 illustrated 1n FIG. 13. In the embodiment illus-
trated 1n FIG. 19 the controller receives the output current
signal S,, representing the output current 11 and the mea-
surement signal S, for generating the reference signal S, ..
However, this 1s only an example. It would also be possible
to generate the reference signal S,,.. based on signals
representing the output voltage v80 and the output current
180 of the buck converter 80. In this case, the reference
signal 1s generated such that output current 180 and the
output voltage v80 of the buck converter 80 have a given
phase difference.

The operating principle of a power converter circuit 1
including DC/AC converters as illustrated i FIG. 19 will
now be explained with reference to FIGS. 1 and 19. The
explanation will be based on the assumption that the voltage
of the power grid 100 1s a sinusoidal voltage so that an
output current 11 with a sinusoidal waveform 1s desired.
Further, 1t 1s assumed that the input powers of the individual
DC/AC converters 1s zero, while the power grid voltage v,
1s applied to the mput terminals 11, 12 and the bridge circuits
85 in the mndividual converter units are in operation. In this
case, the smoothing capacitors 89 of the buck converters are
connected 1n series between the output terminals 11, 12.
When the individual capacitors 89 have the same size, the
voltage across each of these capacitors 89 1s 1/n times the
power grid voltage v,

Assume now that the DC/AC converters receives an input
power from the PV modules 3 connected thereto. The
DC/AC converters then adjust their common output current
11 to be 1n phase with the external voltage v1 (the power grid
voltage). The amplitude of the output current 11 1s, 1n
particular, controlled through the 1nput Veltage V3, where
the current 1s increased when the voltage V3 increases, and
the current 1s decreased when the voltage V3 decreases

When the output current 11 provided by one DC/AC
converter decreases, a current that corresponds to a difler-
ence between the output current 11 and the common current
11 ,,+1s provided by the output capacitor C which causes the
voltage v2 across the output capacitor C to decrease until the
input power provided to the DC/AC converter corresponds
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to 1ts output power. A decrease of the voltage v2 across the
output capacitor 89 of one DC/AC converter 4 or one
converter unit 2 causes an increase of the voltages across the
output capacitors of the other converter units. This process
proceeds until the converter unit 2 has settled 1n stable
operation point at a lower output current 11. If the other
converter units 2 at first continue to run at the same duty
cycle, the increase of the voltages across their output capaci-
tors leads to a reduction of their output currents 11 (and
hence to a reduction of the common output current) 1n order
to keep their output powers equal their input powers. When
the output current 11 provided by one DC/AC converter
increases so as to be higher than the common current 11 -,
the corresponding output capacitor C 1s charged which
results 1n an increase of the voltage across the output
capacitor C of the one converter and a decrease of the
voltage across the output capacitors of the other converters.

It became obvious from the explanation provided before
that besides the control loops 1n the individual converter
units 2 no additional control loop 1s required 1n order to
control the output voltages of the individual converter units
2. The power converter circuit 1 with the converter units 2
1s “self organizing.” Referring to FIG. 1, assume that, for
example, 1n the steady state the input power provided by the
first DC power source 3, to the first converter unit 2, would
drop, for example, because the corresponding PV array 1is
shaded. The output voltage v2, of the corresponding con-
verter unit 2 would then drop, while the output voltages of
the other converter units 2,, 2 would increase in order to
meet the condition defined by equation (1). Further, the
common output current 11 ,,,-would decrease. The transient
process 1s as follows. When the input power receirved by the
first converter unit 2, decreases, the common output current
11 ,,,+ at first remains unchanged, while the output current
11, of the first converter unit 2, decreases. The decrease of
the output current 11, and the unchanged common output
current 11 5, causes a discharging of the output capacitor
C, of the first converter unit 2, so that the output voltage v2,
decreases. A decrease of the output voltage of the first
converter unit, however, causes an increase of the output
voltages of the other converters, which now decrease their
output currents in order to keep their output powers equal
their input powers. The transition processes finishes when a
“new’” common output current 11, has settled in to which
the individual output currents 11 correspond. This 1s a
self-organizing and self-stabilizing process that does not
require and additional control loop besides the control loops
in the individual converter units 2 disclosed before.

FIG. 23 illustrates a further embodiment of a power
converter circuit 1. In this power converter circuit two series
circuits 1,, 1,, each including one group with a plurality of
converter umits 2,,-2, ., and 2,,,-2,, connected 1n series are
connected in parallel between the output terminals 11, 12.
Each of the series circuits 1, 1,, can be implemented in
accordance with the series circuit 1 of converter units 2,-2,
explained before. The converter units of the two groups (the
two series circuits) are coupled to the same measurement
circuit 10 that can be implemented 1n accordance with one
of the embodiments explained before. Of course, more than
two series circuits each with a plurality of converter units
can be connected in parallel.

Although various exemplary embodiments of the mnven-
tion have been disclosed, 1t will be apparent to those skilled
in the art that various changes and modifications can be
made which will achieve some of the advantages of the
invention without departing from the spirit and scope of the
invention. It will be obvious to those reasonably skilled 1n
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the art that other components performing the same functions
may be suitably substituted. It should be mentioned that
features explained with reference to a specific figure may be
combined with features of other figures, even 1n those cases
in which this has not explicitly been mentioned. Further, the
methods of the invention may be achieved in either all
soltware implementations, using the appropriate processor
istructions, or in hybrid implementations that utilize a
combination of hardware logic and soiftware logic to achieve
the same results. Such modifications to the mventive con-
cept are mtended to be covered by the appended claims.

Spatially relative terms such as “under,” “below,”
“lower,” “over,” “upper,” and the like, are used for ease of
description to explain the positioning of one element relative
to a second element. These terms are intended to encompass
different orientations of the device 1n addition to different
orientations than those depicted 1n the figures. Further, terms
such as “first,” “second,” and the like, are also used to
describe various elements, regions, sections, etc. and are
also not itended to be limiting. Like terms refer to like
clements throughout the description.

As used herein, the terms ‘“having,” “contaiming,”
“including,” “comprising,” and the like are open ended
terms that indicate the presence of stated elements or fea-
tures, but do not preclude additional elements or features.
The articles “a,” “an,” and “the” are intended to include the
plural as well as the singular, unless the context clearly
indicates otherwise.

With the above range of variations and applications 1n
mind, 1t should be understood that the present invention 1s
not limited by the foregoing description, nor 1s 1t limited by
the accompanying drawings. Instead, the present invention
1s limited only by the following claims and their legal
equivalents.

It 1s to be understood that the features of the various
embodiments described herein may be combined with each
other, unless specifically noted otherwise.

Although specific embodiments have been illustrated and
described herein, 1t will be appreciated by those of ordinary
skill 1n the art that a variety of alternate and/or equivalent
implementations may be substituted for the specific embodi-
ments shown and described without departing from the
scope ol the present invention. This application 1s intended
to cover any adaptations or vanations of the specific
embodiments discussed herein. Therefore, 1t 1s intended that
this invention be limited only by the claims and the equiva-
lents thereof.

What 1s claimed 1s:

1. A power converter circuit, comprising:

output terminals configured to receive an external AC

voltage;

at least one series circuit with at least two DC/AC

converter circuits, each DC/AC converter circuit com-
prising input terminals configured to be coupled to a
DC power source, and output terminals for providing
an AC output current, the at least one series circuit
connected between the output terminals of the power
converter circuit; and

a voltage divider circuit connected between the output

terminals of the power converter circuit and configured
to provide at least one measurement signal that includes
a phase and frequency based on the external AC
voltage;

wherein at least one of the DC/AC converter circuits 1s

configured to receirve the at least one measurement
signal and 1s configured to regulate generation of the
AC output current dependent on the at least one mea-
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surement signal such that a phase difference between
the AC output current and the external AC voltage
assumes a set value.

2. The power converter circuit of claim 1,

wherein the voltage divider circuit comprises a plurality
of passive circuit components connected 1n series
between the output terminals of the power converter
circuit, and

wherein each passive circuit component 1s configured to
provide one measurement signal having a phase and
frequency based on the phase and frequency of the
external AC voltage, and wherein each measurement
signal 1s received by one DC/AC converter circuit.

3. The power converter circuit of claim 2, wherein the
measurement signal provided by one passive circuit com-
ponent comprises a voltage across the passive circuit com-
ponent or a fraction thereof.

4. The power converter circuit of claim 2, wherein each
passive circuit component includes a resistor or a capacitor.

5. The power converter circuit of claim 1 wherein the set
value 1s zero.

6. The power converter circuit of claim 1, wherein the at
least one DC/AC converter circuit comprises:

a DC/AC converter coupled between the mput terminals
and the output terminals of the DC/AC converter circuit
and configured to generate the AC output current with
a frequency and phase that 1s dependent on a first
reference signal; and

a control circuit configured to generate the first reference
signal dependent on the at least one measurement
signal and the AC output current of the DC/AC con-
verter circuit.

7. The power converter circuit of claim 6, wherein the
DC/AC converter comprises at least one switch that com-
prises a GaN-HEMT.

8. The power converter circuit of claim 7, wherein the
control circuit comprises:

a phase-locked loop configured to generate a frequency

dependent on the at least one measurement signal;

a phase detector configured to detect a phase difference
between the phase represented by the at least one
measurement signal and a phase of the AC output
current and to provide a first phase diflerence based on
the detected phase difference; and

an oscillator configured to generate the {first reference
signal dependent on the generated frequency and the
first phase difference.

9. The power converter circuit of claim 7,

wherein the DC/AC converter 1s configured to receive an
input voltage, and

wherein the control circuit 1s configured to generate the
first reference signal dependent on the input voltage.

10. The power converter circuit of claim 7, wherein

the DC/AC converter 1s coupled to a second reference
signal terminal; and

the at least one DC/AC converter circuit further comprises
a DC/DC converter coupled between the input termi-
nals of the at least one DC/AC converter circuit and the
DC/AC converter, the DC/DC converter configured to
adjust an mput voltage between the input terminals or
an 1mmput current at the input terminals dependent on a
second reference signal.

11. The power converter circuit of claim 10, wherein the
DC/DC converter comprises at least one switch comprising
a GaN-HEMT.

12. The power converter circuit of claim 10, further
comprising a reference signal source implemented as a

10

15

20

25

30

35

40

45

50

55

60

65

26

maximum power point tracker, the reference signal source
having an iput coupled to the at least one DC/AC converter
circuit and an output coupled to the second reference signal
terminal.
13. The power converter circuit of claim 10, wherein the
DC/DC converter 1s a boost converter.
14. The power converter circuit of claim 10, wherein the
DC/DC converter 1s a buck converter.
15. The power converter circuit of claim 1, wherein the at
least one series circuit comprises:
at least two series circuits connected in parallel, each
series circuit with at least two DC/AC converter circuit
s connected between the output terminals,
wherein the DC/AC converter circuit s of the at least two
series circuits are coupled to the voltage divider circuit.
16. The power converter circuit of claim 6, wherein the
control circuit comprises:
a phase-locked loop having an mnput coupled to the at least
one measurement signal;
a VCO having a control input coupled to an output of the
phase-locked loop;
a subtractor having a first input coupled to an output of the
phase-locked loop and an input coupled to a current
measurement signal proportional to the AC output
current; and
a filter coupled to an output of the subtractor.
17. A power supply system, comprising:
output terminals configured to receive an external AC
voltage;
at least one series circuit with at least two DC/AC
converter circuit s, each DC/AC converter circuit com-
prising nput terminals configured to be coupled to a
DC power source and output terminals for providing an
AC output current, the at least one series circuit con-
nected between the output terminals of the power
supply system;
at least two DC voltage sources, each DC voltage source
coupled to the input terminals of one DC/AC converter
circuit; converter unit; and
a voltage divider circuit connected between the output
terminals of the power supply system and configured to
provide at least one measurement signal including an
information on a phase and frequency of the external

AC voltage;

wherein at least one of the DC/AC converter circuit s 1s
configured to receirve the at least one measurement
signal, and 1s configured to regulate a generation of the
AC output current dependent on the least one measure-
ment signal such that a phase diflerence between the
AC output current and the external AC voltage assumes
a set value.

18. The power supply system of claim 17, wherein each
DC voltage source comprises a photovoltaic array with at
least one solar cell.

19. The power supply system of claim 17, wherein each
DC voltage source comprises a fuel cell.

20. The power supply system of claim 17 wherein the set
value 1s zero.

21. The power supply system of claim 17, wherein the at
least one DC/AC converter circuit comprises:

a DC/AC converter coupled between the mput and the
output terminals of the DC/AC converter circuit and
configured to generate the AC output current with a
frequency and phase that 1s dependent on a first refer-
ence signal; and
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a control circuit configured to generate the first reference
signal dependent on the at least one measurement
signal and the AC output current of the DC/AC con-
verter circuit.

22. The power supply system of claim 21, wherein the

control circuit comprises:

a phase-locked loop having an input coupled to the at least
one measurement signal;

a VCO having a control input coupled to an output of the

phase-locked loop;

a subtractor having a first input coupled to an output of the

phase-locked loop and an mput coupled to a current
measurement signal proportional to the AC output
current; and

a filter coupled to an output of the subtractor.

23. A DC/AC converter circuit, comprising:

input terminals configured to be coupled to a DC power
source;

output terminals for providing an AC output current; and

a measurement mput terminals for receiving a measure-
ment signal comprising a frequency and a phase;

a DC/AC converter coupled between the mput terminals
and the output terminals and configured to generate the
AC output current with a frequency and phase that 1s
dependent on a first reference signal;

a control circuit configured to generate the first reference
signal dependent on the measurement signal and the
AC output current of the DC/AC converter circuit,
wherein the control circuit comprises
a phase-locked loop having an mput coupled to mea-

surement signal,

a VCO having a control mput coupled to an output of
the phase-locked loop,

a subtractor having a first input coupled to an output of
the phase-locked loop and an mput coupled to a
current measurement signal proportional to the AC
output current, and

a filter coupled to an output of the subtractor, wherein
the DC/AC converter circuit 1s configured to regulate
a phase diflerence between a phase of the AC output
current and the phase of the measurement signal to a
first set value.
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24. The DC/AC converter circuit of claim 23, wherein the

first set value 1s zero.

25. A method for operating a power converter circuit, the

power converter circuit comprising:

output terminals configured to receive an external voltage,
and

at least one series circuit with at least two DC/AC
converter circuit s each comprising nput terminals
configured to be coupled to a DC power source, the at
least one series circuit connected between output ter-
minals of the power converter circuit;

a voltage divider circuit connected between the output
terminals of the power converter circuit, the method
comprising:

providing an AC output current at the output terminals,

generating, by the voltage divider circuit, at least one
measurement signal having a phase and frequency
based on an external AC voltage, and

regulating a generation of the AC output current, regu-
lating comprising using a control loop to regulate a
phase diflerence between a phase of the AC output
current and a phase of the at least one measurement
signal to a set value.

26. The method of claim 25 wherein the set value 1s zero.
27. The method of claim 25, wherein:
the at least one DC/AC converter circuit further comprises

a DC/AC converter coupled between the input termi-
nals and the output terminals of the power converter

circuit, and
a control circuit coupled to the DC/AC converter;

the method further comprises generating, by the control
circuit, a first reference signal dependent on the at
least one measurement signal and the AC output
current; and

the providing the AC output current at the output termi-
nals comprises generating, by the DC/AC converter,
the AC output current with the frequency and phase that
1s dependent on the first reference signal.
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